The strength and ductility of the coupling beams in coupled shear walls can significantly affect the nonlinear behaviour and earthquake resistance of the whole building structure. However, although extensive testing of coupling beams has been performed, the boundary conditions-that the rotations at the two ends of a coupling beam are equal and that local deformation occurs at the beam-wall joints, which could have substantial influence on the test results-have not been correctly simulated. Herein, a new method of testing reinforced concrete coupling beams that ensures equal rotations at the ends of the beam specimen and takes into account local deformation at the beam-wall joints is developed. The method has been successfully applied to test typical reinforced concrete coupling beams with relatively small span/depth ratios and proven to be suitable for studying the post-peak behaviour and failure characteristics of short coupling beams. Test results obtained so far indicate that reinforced concrete coupling beams with small span/depth ratios behave quite differently from ordinary beams in frame structures and that the local deformation at beam-wall joints is quite substantial. Complete load-deflection curves have been acquired and the strength and ductility of the coupling beams evaluated.
INTRODUCTION
Shear walls are widely used for tall concrete buildings. Due to the presence of regular door or window openings, a shear wall is often divided into smaller wall units coupled by beams formed between openings. Under lateral load, the shear is resisted by the wall units themselves while the overturning moment is resisted jointly by the bending action of the wall units and the couple formed from axial forces developed in the wall units. During a severe earthquake, if the coupling beams are very strong, the wall units might fail due to the large axial forces and bending moments induced in them without prior yielding of the coupling beams. As the wall units are taking vertical loads and are the major lateral load-resisting elements, this could endanger the safety of the building and render the repair after earthquake very difficult. On the other hand, if the coupling beams are not too strong, they will yield and dissipate the vibration energy before the walls yield, thereby protecting the walls from being damaged. A coupled shear wall structure with its coupling beams designed to yield before the walls yield acts like a sandwiched beam with a damping core and is thus particularly good for resisting earthquakes.
The non-linear behaviour of coupled shear walls has been studied both theoretically [1] [2] [3] and experimentally. [4] [5] [6] Basically, all studies led to the conclusion that the strength and ductility of the coupling beams have major influences on the non-linear behaviour and earthquake resistance of the coupled wall structures. Particularly, plastification of the coupling beams before the walls yield could significantly improve the ductility of the coupled wall structures. However, after plastification, the coupling beams would be subjected to certain ductility demand depending on the strength of the coupling beams, being higher when the beams are relatively weak and lower when the beams are relatively strong. As a general rule, Aristizabal-Ochoa 5 has
suggested that both overcoupling (coupling beams being too strong), which causes the walls to fail without prior yielding of the coupling beams, and undercoupling (coupling beams being too weak), which causes the ductility of the coupling beams to be exhausted before the walls yield, should be avoided. So far, most theoretical studies are based on simplified elasto-plastic models for the coupling beams. There is still no universally accepted non-linear structural model that could take into account the actual load-deflection behaviour and limited ductility of the beams.
From the previous studies, it is evident that both the strength and ductility of the coupling beams need to be considered in the earthquake-resistant design of coupled wall structures. Since the strength of coupling beams can be adjusted simply by changing the beam size and reinforcement layout, providing appropriate strength to the coupling beams presents no particular difficulties. However, providing sufficient ductility to the coupling beams is generally quite difficult because most coupling beams are relatively short and deep, and tend to fail in shear. There is also no reliable method for predicting the ductility of coupling beams. To deal with this ductility design problem, it is first necessary to measure the complete loaddeflection curves of the coupling beams so that their ductility can be evaluated. Then, when sufficient data are available, a method for predicting the ductility of coupling beams should be developed so as to allow ductility analysis. Since the loaddeflection curves are dependent on the failure mode, a good understanding of the possible failure mechanisms of coupling beams is also necessary.
The need to investigate the non-linear behaviour and analyse the strength and ductility of coupling beams has attracted the attention of many researchers. Early in 1971, Paulay 6 had found that although coupling beams with span/depth ratios .2·0 behave like ordinary beams in frame structures, coupling beams with span/depth ratios ,2·0 behave quite differently. After the appearance of diagonal cracks, a coupling beam with span/depth ratio ,2·0 will, on being subjected to further loading, gradually elongate causing all longitudinal reinforcement to be in tension throughout the whole length of the beam. Such behaviour differs significantly from that predicted by the ordinary beam theory and hence short coupling beams should not be treated as ordinary beams.
Regarding the mechanism of shear resistance, there is so far no generally accepted theory. According to Fenwick and Paulay, 4 the shear mechanism may be modelled as a combination of diagonal strut action and truss action. In the diagonal strut action, the concrete struts formed between diagonal cracks act against the two adjacent walls in the diagonal direction. The transverse component of the compressive force in the struts provides the shear resistance while the longitudinal component pushes the adjacent walls apart leading to elongation of the beam and tension in all longitudinal reinforcement. In the truss action, the inclined struts formed in the beam work together with the transverse shear reinforcement to transfer the shear from one end of the beam to the other. Roughly, the diagonal strut action dominates in short coupling beams but as the span length increases, the truss action may become more important.
Conventionally reinforced coupling beams may fail by bending like ordinary beams or by shear in three different modes: shear-tension, shear-compression and shear sliding. 7 Sheartension failure is caused by diagonal tension failure of the concrete at the centre and yielding of the transverse reinforcement. This kind of failure can be avoided by increasing the transverse reinforcement and limiting the design shear load acting on the beam. Shear-compression failure is caused by crushing of the concrete at the point where the diagonal struts in the beam act against the walls after yielding. Such failure cannot be prevented by increasing the transverse reinforcement but may be avoided by limiting the design shear acting on the beam. Shear-sliding failure is caused by sliding along transverse cracks at the beam-wall joints, which are formed by bending cracks cutting through the whole section due to load reversal. Since the sliding surfaces are parallel to the transverse reinforcement, putting in more transverse reinforcement will not deter this kind of failure.
It can be seen from the above that the most important aspects of coupling beam design are the prediction of failure mode, analysis of load-deflection curve and evaluation of ductility. Unfortunately, there is still no commonly accepted structural model or even empirical formula that can be used for such purposes. The authors have reviewed the previous experimental studies 8 and tried to develop a non-linear structural model for conventionally reinforced concrete coupling beams but found that the available test results are not yet sufficient. Moreover, there seem to be several shortcomings with the previous test methods, which will be discussed in detail in the following section. To resolve the problems involved, a new test method has been developed in this study. Its main features are as follows.
(a) Unlike previous test methods, which allow the ends of the beam specimen to rotate without control, the rotations of the two ends of the beam specimen are controlled to be equal. (b) A part of the wall is attached to each end of the beam specimen to allow for local wall deformation near the beam-wall joints. (c) The test is conducted under displacement control so that the post-peak behaviour may be investigated and the complete load-deflection curve may be obtained for ductility evaluation.
REVIEW OF PREVIOUS TEST METHODS
In most previous test methods, such as those adopted by Paulay, 6 Wang et al. 9 and Tassios et al., 10 the coupling beam specimens were tested by subjecting them to prescribed loading acting at their ends. In order to produce equal contraflexural moments at the two ends of the beam specimen, the line of action of the applied load was aligned to pass through the centre of the beam specimen, which was assumed to remain a point of contraflexure throughout the test. These test methods very well simulated the loading conditions of a real coupling beam before the beam started to crack. However, after the beam had cracked, since there might be more cracks near one of its ends, the distribution of beam stiffness and deformation might no longer be symmetric about the centre of the beam. Between the two beam-wall joints, greater deformation would occur at the more seriously cracked joint and consequently one end of the beam specimen might rotate more than the other. This phenomenon was more serious after the peak load was reached and thus at the post-peak stage, the rotations at the two ends of the beam could be very different, as had been observed by Paulay and Binney 11 and Li and Li. 12 In a real coupled wall structure, however, the shear load is applied to a coupling beam through relative shear displacement of the two walls at its ends. Since the walls are constrained by floor slabs to deflect together, they deflect laterally by the same amount at the same floor level. As the rotations of the walls are equal to the rate of change of lateral deflection with height, the walls also rotate by the same amount at the same floor level. Hence, the rotations of the two ends of a coupling beam should be equal, as illustrated in Fig. 1 . Since the end rotations were not controlled to be equal in the previous test methods, the displacement boundary conditions had not been properly simulated.
There were two other problems with the previous test methods. Firstly, since the loads were applied directly at the beam-wall joints, the local deformation at the joints had not been properly allowed for. In some tests, the walls were even thickened to avoid local failure at the loading points and thus the full amount of local joint deformation could never take place. In a real coupled wall structure, however, significant local deformation occurs at the beam-wall joints. At the elastic stage, the additional beam deflection due to joint deformation is roughly equivalent to an extension of the beam at each end of about 0·3 times the beam depth. 13 Beyond the elastic stage, little study has been carried out but as the failure zones of the beam often extend well into the walls, it is likely that the cracking and crushing of the concrete and the bond-slip and yielding of the reinforcement bars in the walls near the joints could have significant effects on the behaviour of the coupling beam. Additionally, since the end rotations of the beam specimen were not controlled to be equal, the shear deflection of the coupling beam could not be properly defined. As a result, the load-deflection curves obtained, especially their descending branches, could be quite misleading. Moreover, since the shear deflection was not well-defined, it was difficult to carry out the test under displacement control.
Among the existing test methods, the one developed at the Portland Cement Association (PCA), whose set-up is shown in Fig. 2(a) , is probably the best in simulating the displacement boundary conditions of the coupling beams. 14 The test specimen used by PCA consisted of two coupling beams connected to two abutment walls. Load was applied to one of the abutment walls with its line of action passing through the centres of the coupling beams. Provided the two coupling beams are identical and they elongate by the same amount at all times, the two abutment walls should remain parallel throughout the test and the rotations at the ends of the coupling beams should be equal. Fairly large parts of the walls have been attached to the ends of the coupling beams and therefore any possible effects of the local deformation at the beam-wall joints during the elastic and inelastic stages should have been allowed for. However, the overall size of the specimen, which included two coupling beams and two abutment walls, was quite large (total length of specimen ¼ 3·35 m), even though the coupling beams tested were only 169 mm deep and 423 mm long (about 1/3 scale). Only relatively slender coupling beams with span/depth ratios equal to or greater than 2·5 had been tested using this method.
When studying experimentally the non-linear behaviour of reinforced concrete, it is important to test models with as large a scale as possible in order to avoid scale effects. To test largerscale models, it is better to test one coupling beam at a time so that for a given specimen size (often limited by space and capacity of equipment used) the beam can be made as big as possible. A test method for testing one beam at a time while maintaining equal end rotations has been developed at the Building Research Institute (BRI) of Japan. 15 Its test set-up is shown in Fig. 2 (b). The main feature of this set-up is that a rotation restraining mechanism has been installed to ensure that the upper end of the beam specimen remains parallel to the lower end at all stages. The beam specimens tested were of approximately 1/3 scale. They were generally quite slender having span/depth ratios greater than 3·0. Fairly big end blocks were attached to the two ends of the beam specimen for fixing the specimen to the testing frame. However, the end blocks were designed purely for fixity and did not resemble any parts of the real structure. Hence, the local deformation at the joints between the beam and the rest of structure had not been properly allowed for.
Having reviewed the above test methods, it is concluded that a suitable test method for studying the complete load-deflection behaviour of coupling beams should satisfy the following conditions (a) the rotations of the two ends of the beam specimen should be controlled to be equal (b) the local deformation at the beam-wall joints should be allowed for (c) the test should be conducted under displacement control so that the descending branch of the load-deflection curve may be obtained (d) the test specimen should have a scale as large as possible. Figure 3 shows the set-up of the proposed test method. As shown in the figure, the beam specimen is erected with the longitudinal axis of the beam in the vertical direction. It is fixed at one end to a rigid ground beam and connected at the other end to a T-shaped steel loading frame. Shear load is applied to the specimen through the loading frame by a servocontrolled hydraulic actuator, whose loading and support ends are pin-connected to the loading frame and a horizontal reaction frame respectively. The line of action of the applied load is aligned to pass through the centre of the beam specimen. A rotation restraining mechanism consisting of two parallelogram-shaped pin-jointed trusses is installed to ensure that the rotations of the two ends of the specimen are equal. Out-of-plane movements of the loading frame and the beam specimen are restrained by the provision of roller guides. The self-weight of the loading frame is balanced by a counterweight through a pulley system. Both monotonic and cyclic loading tests can be carried out using this set-up. All tests are conducted under displacement control.
PROPOSED TEST METHOD
The beam specimen consists of the coupling beam itself and two end blocks representing parts of the wall panels to which the coupling beam is connected. The following factors are considered in the design of the two end blocks (see Fig. 4 ).
(a) Since in most cases, the coupling beams and the wall panels have the same thickness, the end blocks, which are interfering with the beam-wall interaction and allow for the local deformation at the beam-wall joints, the loads must not be applied to the beam specimen at anywhere close to the beam-wall joints. In the present study, the loads are applied to the beam specimen at the far end edges of the end blocks, which are at distances of greater than the beam depth from the joints.
The proposed test method resembles the one developed by BRI. 15 In either method, a rotation restraining mechanism is provided to ensure that the rotations of the two ends of the beam specimen are equal. However, the positions of the rotation restraining mechanisms are not the same in the two methods. In BRI's test set-up, the rotation restraining mechanism is located at one side of the beam specimen and connected to an extension of the steel beam that transmits the applied load to the beam specimen. This has the problem that any flexural deflection of the steel beam could affect the effectiveness of the rotation restraining mechanism. To avoid such a problem, it is better to connect the ends of the rotation restraining mechanism directly to the ends of the beam specimen, as has been done in the present test method. Another major difference is in the design of the beam specimen. The beam specimens tested by BRI were relatively slender and no allowance for the local joint deformation had been made in the design of their end blocks. In this study, however, the beams tested are relatively short and deep and full allowance of the local joint deformation has been made in the end block design.
4. EXPERIMENTAL PROGRAMME 4.1. Specimen design As a start, only conventionally reinforced coupling beams (coupling beams with only longitudinal and transverse reinforcement provided) were tested. Fig. 4 shows the details of the beam specimens. The specimens were basically 1/2 scale models of typical coupling beams. The thickness and clear span of all the beams were fixed at 120 and 700 mm respectively. Different span/depth ratios were obtained by varying the depth of the beam. Four beam specimens with span/depth ratios of 1·17, 1·40, 1·75 and 2·00 and other structural parameters as listed in Table 1 were made for testing. At each end of the specimen, a rectangular end block (1300 mm 3 850 mm) having the same thickness as the beam and representing part of the wall connected to the beam was cast integrally with the beam as part of the specimen. Unlike ordinary beams in which longitudinal reinforcement bars are placed only at the top and bottom of the beam sections, additional longitudinal reinforcement bars had been added at mid-depth of the beam sections. All longitudinal reinforcement bars were provided with generous anchorage into the end blocks. At the far end edge of each end block, a flange 320 mm wide and 100 mm thick prefabricated with 18 boltholes was provided for connecting the specimen to the testing frame.
Materials
The concrete used was made from crushed granitic aggregate having a maximum size of 10 mm. Its water/cement ratio was set at 0·59. All beam specimens were cast with their planes lying horizontally. They were moist-cured for seven days and thereafter stored under ambient conditions. Along with each beam specimen, three 150 mm 3 300 mm cylinders and three 150 mm cubes were cast, cured side by side with the beam specimen and tested at the same age. The average cube and cylinder strengths of the concrete were 52·5 and 40·9 MPa respectively.
High-yield deformed bars were used for the longitudinal reinforcement placed at the top and bottom of the beam sections, whereas mild steel plain round bars were used for the additional longitudinal reinforcement placed at mid-depth of the beam sections and the transverse reinforcement. The high- 
Deflection and strain measurements
More than 30 linearly variable differential transducers (LVDTs) were mounted on each coupling beam specimen to measure the lateral deflection, axial elongation, shear and flexural deformations, and joint deformation of the beam specimen. Some LVDTs were installed on an isolated frame to measure the absolute deflection of the specimen while others were mounted directly on the specimen to measure the deformations of the beam itself and the joints. Fig. 5 shows the layout of the LVDTs installed. About 50 electrical resistance strain gauges were glued on selected reinforcement bars to measure the strains developed in the steel reinforcement. They were to determine the strain distribution along the longitudinal reinforcement and to evaluate the amount of shear force carried by the transverse reinforcement. The locations of the strain gauges are marked on the beam specimen shown in Fig. 4 .
EXPERIMENTAL RESULTS

General behaviour
The crack patterns of the four beam specimens after the tests were completed are depicted in Fig. 6 . Before the reinforcement bars in the specimens started to yield, the four specimens had similar crack patterns. In all the specimens, flexural cracks were first observed at the tension corners of the beam-wall joints. As the applied load gradually increased, these flexural cracks extended into the wall panels and then turned to run parallel to the beam-wall interfaces along the transverse reinforcement bars near the beam-wall joints. At the same time, new flexural cracks appeared in the beams at the tension sides of the beams. Upon further loading, many of the flexural cracks formed inside the beams turned to an inclined direction and propagated towards the compression corners at the beamwall joints to become combined flexural and shear cracks. Meanwhile, numerous fine inclined cracks also appeared in the wall panels.
However, after the longitudinal reinforcement bars had started to yield, the crack patterns of the four beam specimens began to change. In specimen MCB1, which has the smallest span/ depth ratio, a diagonal shear crack appeared immediately after the longitudinal reinforcement bars had started to yield. The shear crack divided the beam into two triangles interconnected by the transverse reinforcement bars. As the shear deflection of the specimen further increased, the transverse reinforcement bars also yielded and the diagonal shear crack opened up quickly. Eventually, when the width of the diagonal shear crack reached about 10 mm, the concrete at the compression corners of the beam was crushed and the beam specimen failed in shear.
In specimen MCB2, which has a slightly larger span/depth ratio than MCB1, a diagonal shear crack also appeared after the longitudinal reinforcement bars had yielded but at a much later time when the deflection of the beam was almost twice the deflection at yield (the deflection when the longitudinal reinforcement started to yield). This crack gradually developed in length and width but never became critical. On the other In specimens MCB3 and MCB4, which have even larger span/ depth ratios, shear cracks were also formed near the centre of each beam after the longitudinal reinforcement bars had yielded. However, these shear cracks were generally formed at much later times when the deflections of the beams were already very large and they did not develop even when the beam specimens failed. At the post-peak stage, the flexural cracks opened up quickly and eventually both MCB3 and MCB4 failed in flexure. In the case of MCB3, one longitudinal reinforcement bar was broken before the load-resisting capacity of the specimen had dropped to less than 85% of the peak load and the test was stopped without reaching the 'ultimate' state at which the load-resisting capacity dropped to 85% of the peak load.
Load-deflection characteristics
The load-deflection curves of the four beam specimens are plotted in Fig. 7 . It should be noted that the deflections used for plotting these loaddeflection curves were the relative shear displacements of the beam specimens measured along the far end edges of the end blocks at the ends of the specimens and thus they included the deflections of the beams themselves and the deflections due to local deformation at the beamwall joints. It is seen that the load-deflection curve of MCB1, which failed in shear, has no obvious yield point. In contrast, the load-deflection curves of the other beam specimens, which failed in flexure, have obvious yield points at deflections of around 4 to 6 mm. From the figure, it can also be seen that MCB1 had the highest strength but it also failed more abruptly. The other beam specimens, MCB2, MCB3 and MCB4, had successively lower strengths but they generally failed in a more ductile manner. Nevertheless, all the four beam specimens could sustain a maximum shear deflection of about 50 mm before their loadresisting capacities dropped significantly (by about 10%). Since the beam specimens have a clear span of 700 mm, such a maximum deflection capacity of 50 mm represented a maximum drift ratio (shear deflection per clear span ratio) of 7%, which is not small judging from the relatively small span/ depth ratios of the beam specimens.
Strength and ductility
A summary of the strength and ductility results is presented in Table 2 . Since the four beam specimens had the same thickness, the same clear span and nearly the same steel ratios, the only major factor affecting the strength of the beam specimen was the depth of the beam. From the table, it can be seen that the beam specimens MCB2, MCB3 and MCB4, which had relatively small depths, all failed in flexure. As the depth of the beam increased, the flexural strength of the beam also increased. When the depth of the beam increased to beyond a certain limit, as in the case of the beam specimen MCB1, the flexural strength could become so large that the shear strength of the beam would be more critical and the beam would fail in shear. It may be said therefore that the strength of a coupling beam may be governed by either the flexural strength or the shear strength depending on the span/depth ratio of the beam.
Together with the increase in strength as the depth of the beam increased, there was a decrease in ductility. In this study, the ductility of the beams was evaluated in terms of a ductility ratio, which is defined as the ratio of the deflection at ultimate to the deflection at yield. The deflection at ultimate was taken as the deflection at the post-peak stage when the load-resisting capacity had dropped to 85% of the peak load, while the deflection at yield was taken as the deflection when the longitudinal reinforcement started to yield. In the particular case of beam specimen MCB3, since the test was stopped due to breakage of one longitudinal reinforcement bar before the deflection had reached the deflection at ultimate, the deflection at ultimate was taken as the maximum deflection measured during the test. From the results tabulated in Table 2 , it is seen that as the span/depth ratio increased from 1·17 to 2·00, the ductility ratio increased from 5·7 to 16·8. In those beams, which failed in flexure, ductility ratios of more than 10 were achieved. Even in the case of MCB1, which failed in shear, the ductility ratio was greater than 5, a relatively high value for a beam failing in shear. This was because the beam specimen MCB1 actually failed in the sheartension mode, a shear failure mode accompanied by yielding of the transverse reinforcement. Figure 8 shows the variation of the axial strains in the longitudinal reinforcement with the applied shear load for the beam specimens MCB1 and MCB4. The other beam specimens MCB2 and MCB3 have similar axial strains developed in their longitudinal reinforcement and thus for brevity their results are not presented. It is seen that at small applied load level, when the beams were still elastic, the axial strains developed in the longitudinal reinforcement bars corresponded to a contraflexural moment distribution along the length of the beam. The contraflexural moments acting on the beam resulted in equal end moments in the same direction (anticlockwise direction as shown in Fig. 8 ) at the ends of the beam and zero moment at the centre of the beam. The end moments caused the longitudinal reinforcement bars near the ends of the beam to be subjected to tension on one side and compression on the other side, while the zero moment at the centre of the beam caused the longitudinal reinforcement bars at the centre of the beam to remain unstressed, as in an ordinary beam. Hence, at the elastic stage, the coupling beams behaved like ordinary beams.
Strain distribution in longitudinal reinforcement
After the appearance of inclined shear cracks, however, the strain distribution in the longitudinal reinforcement bars gradually changed. Firstly, the tensile strain developed in the Shear  262  344  10·50  60·0  5·7  MCB2  Flexure  198  260  5·97  69·0  11·6  MCB3  Flexure  126  159  4·00  49·0  12·3  MCB4  Flexure  100  140  4·16  70·0  16·8 Notes: Load at yield is the applied load when steel reinforcement started to yield. Deflection at yield is the deflection when steel reinforcement started to yield. Deflection at ultimate is the deflection at the post-peak stage when the load-resisting capacity has dropped to 85% of peak load. Ductility ratio is the ratio of deflection at ultimate to deflection at yield. 
Axial elongation
The axial elongation of each beam specimen had been measured by an LVDT mounted at each end to one of the two end blocks of the beam specimen. These axial elongation results are depicted in Fig. 9 , where the applied shear load of each beam specimen is plotted against the average elongation strain (amount of elongation divided by gauge length) of the specimen. It can be seen from the figure that at small applied load, when the beams had not yet cracked and were still elastic, there was basically no axial elongation. However, when the applied load increased and inclined shear cracks were formed in the beams, the beams all started to gradually elongate in the axial direction. After the longitudinal reinforcement bars in the beam specimens had yielded, the axial elongations of the beams continued to increase at even faster rates. Eventually, when the beam specimens failed, the average elongation strains of the beam specimens reached their maximum values of 2·0-3·5%. Such elongation strains were more than sufficient to cause all longitudinal reinforcement bars to yield before the beams failed. This explains why in each beam specimen, all the longitudinal reinforcement bars were in tension throughout the whole length of the beam at a certain stage before the beam failed. The beam specimens with different span/depth ratios elongated by different amounts. Basically, the smaller the span/ depth ratio, the larger the average elongation strain when the beam failed.
The axial elongation has given the coupling beams a special characteristic that differentiated the coupling beams from the ordinary beams in frame structures, but what caused such axial elongation? From the crack patterns shown in Fig. 6 , it can be seen that extensive inclined shear cracks appeared in the beams. Between the inclined shear cracks, diagonal concrete struts were formed. In Fig. 10(a) , the applied shear load is plotted against the deflection within the clear span of the beam (D4-D6) and against the total deflection of the beam as measured along the far end edges of the end blocks (D2). It is seen that the total deflection (D2), which included the deflection of the beam itself and the deflection due to local joint deformation, was consistently larger than the deflection within the clear span of the beam (D4-D6). The difference between D2 and (D4-D6) was actually the increase in lateral deflection of the beam due to lateral displacements of the beam-wall joints. Before reaching peak load, the increase in lateral deflection due to lateral displacements of the beam-wall joints was of the order of 5-10 mm. After reaching peak load, the increase in lateral deflection due to lateral displacements of the beam-wall joints increased gradually to about 20 mm and thereafter remained constant until the beam specimen failed.
In Fig. 10(b) , the rotations at various sections along the longitudinal axis of the beam are plotted against the distances of the sections from the centre of the beam. It is seen that at all loading stages, starting from the elastic to the post-peak stage, there were significant rotations at the beam-wall joints. For instance, at the post-peak stage, when the total deflection of the beam specimen was equal to 49 mm, the rotations at the beam-wall joints were equal to approximately 0·017 radian. Since the clear span length was 700 mm, such amounts of joint rotations had led to an increase in total deflection of the beam of about 0 : 017 3 700 mm ¼ 12 mm, which was quite substantial compared to the total deflection of the beam.
The above results revealed that the local wall deformation near the beam-wall joints caused lateral displacements and rotations of the beam-wall joints, which in turn contributed significantly to additional lateral deflection of the coupling beam. In the particular case of MCB1, at a total deflection of 49 mm, the additional deflection due to lateral displacements of the beam-wall joints was about 15 mm and that due to rotations of the beam-wall joints was about 12 mm. Added together, the additional lateral deflection of the beam due to the lateral displacements and rotations of the beam-wall joints was 27 mm, which amounted to more than half of the total deflection of the beam.
CONCLUSIONS
A new method of testing reinforced concrete coupling beams that ensures equal end rotations of the beam specimen and takes into account the local wall deformation near the beamwall joints has been developed. Compared to previous test methods developed by others, this method can better simulate the actual displacement boundary conditions at the beam-wall joints throughout the loading history. It has been applied to test reinforced concrete coupling beams with relatively small span/depth ratios and proven to be suitable for studying the post-peak behaviour of coupling beams.
The test results revealed that conventionally reinforced concrete coupling beams with span/depth ratios less than 2·0 differ from ordinary concrete beams in the following ways.
(a) After the appearance of inclined cracks, a short coupling beam would gradually elongate in the axial direction and eventually all the longitudinal reinforcement bars would be in tension along the whole length of the beam. The axial elongation may amount to more than 2% of the clear span length and is larger at a smaller span/depth ratio. (b) An area of zero axial stress does not exist in a short coupling beam even at the centre of the beam where the bending moment is zero. (c) The local wall deformation near the beam-wall joints would cause significant lateral displacements and rotations of the beam-wall joints which in turn could lead to substantial increase in the lateral deflection of the coupling beam if it is relatively short. In a very short coupling beam with a span/depth ratio less than 1·2, the additional deflection due to local joint deformation could amount to more than 50% of the total deflection of the beam.
Complete load-deflection curves have been obtained by conducting the tests under displacement control. From these curves, it is seen that despite their relatively small span/depth ratios, the coupling beams tested could sustain a maximum deflection of about 7% of the clear span length before their load-resisting capacities dropped significantly. Furthermore, in those beams which failed in flexure, the ductility ratios were all greater than 10. Even in the beam specimen which failed in shear, a ductility ratio of greater than 5 was achieved. These ductility ratios were larger than expected. One possible reason was that the local joint deformation generally caused larger increase in the lateral deflection of a coupling beam at the post-peak stage. The non-linear behaviour of the beam-wall joints seems to have some effects on the ductility of a coupling beam.
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